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Coghill, Robert C., Christine N. Sang, Jose Ma. Maisog, and “lateral pain system” may also be engaged in the processing of
Michael J. ladarola. Pain intensity processing within the humanhjs sensory-discriminative aspect of pain. First, in contrast to
brain: a bilateral, distributed mechanisnd. Neurophysiol. 82: iha view that the “medial pain system” cannot accurately

1934-1943, 1999. Functional imaging studies of human subjects haye . - . :
identified a diverse assortment of brain areas that are engaged in smit/process information about sensory features of a pain-

processing of pain. Although many of these brain areas are higifty} Stimulus, neurons within the parafasicular and center me-
interconnected and are engaged in multiple processing roles, each @& nuclei of the medial thalamus have been shown to encode
has been typically considered in isolation. Accordingly, little attentiopain intensity with accuracy sufficient to support behavioral
has been given to the global functional organization of brain mechdiscrimination (Bushnell and Duncan 1989). Second, although
nisms med|atlng paln processing. In the present investigation, we hwg prlmary Somatosensory cortex |S proposed to be the Cortlcal

combined positron emission tomography with psychophysical as.se§ﬁé of sensory-discriminative processing, this structure is not
ment of graded painful stimuli to better characterize the multiregiona !

organization of supraspinal pain processing mechanisms and to iggReessary fpr the propessmg _Of paln_ |nten5|ty. Quant|tat|ve
tify a brain mechanism subserving the processing of pain intensi&?yChOphyS'Cal analysis of patients with unilateral lesions of
Multiple regression analysis revealed statistically reliable relatiothe primary somatosensory cortex reveals that their capacity to
ships between perceived pain intensity and activation of a functionaélyaluate pain intensity is almost completely conserved (Knecht
diverse group of brain regions, including those important in sensatiat, al. 1996). Similarly, unilateral surgical excision of the post-
motor control, affect, and attention. Pain intensity—related activatiggntral gyrus fails to relieve contralateral chronic pain (White
occurred bilaterally in the cerebellum, putamen, thalamus, insulgnd Sweet 1968). Third, in contrast to the clearly contralateral
tan:etrlor l?lngultite cortex, and Sfcondary Somtatose”dsory C‘lmex' : fbjections of the “lateral pain system,” pain intensity can be
ralaterally in the primary somatosensory cortex and supplemen ; ; .
motor area, and ipsilaterally in the ventral premotor area. The ocess_ed by br{:un regions both contralateral and |pS|IaFeraI to
imulation. Subjects who have had one cerebral hemisphere

results confirm the existence of a highly distributed, bilateral supra?_g ; . : -
nal mechanism engaged in the processing of pain intensity. drgically removed retain the capacity to be consciously aware

conservation of pain intensity information across multiple, functiorf @ painful stimulus presented ipsilateral to their remaining
ally distinct brain areas contrasts sharply with traditional views thiemisphere (Bernier et al. 1997; Gardner 1933; Knecht et al.
sensory-discriminative processing of pain is confined within the s996; Marshall and Walker 1950; Walker 1943). Quantitative
matosensory cortex and can account for the preservation of conscipgychophysical analysis of these subjects reveals that they have
awareness of pain intensity after extensive cerebral cortical lesiongimost no disruption of their capacity to experience and eval-
uate pain intensity (Bernier et al. 1997; Knecht et al. 1996).
Similarly, psychophysical studies of a split-brain patient con-
INTRODUCTION firm that both cerebral cortical hemispheres can independently

For the past 30 years, conceptual views of brain mechanisRi@cess pain intensilty information arising from a unilateral
for the processing of pain have been driven by the elegzﬂﬂ'nfu' stl_mulus (Ste_ln et al. 1989). L
proposal that sensory and emotional components of pain ard‘ccordingly, classic concepts of sensory-discriminative pro-
processed in parallel by distinct brain structures (Melzack af§SSing need to be reformulated. First, to account for the
Casey 1968). Lateral thalamic nuclei and the somatosensBFgServation of conscious awareness of pain intensity follow-
cortex have been proposed to subserve sensory-discriminaffife damage 'E[obthe d_s?mbat:)sdensory corltttlaxl, pain |SteInS|tyt.pro|-
aspects of pain such as quality, location, and intensity proce§§5S'"9 r;ws i e I IStribute IO\(’fr mu pr e tcr?r? ralt.cclar Ica
ing, whereas medial thalamic nuclei, the prefrontal cortex, ahgglons. runctional imaging studies confirm that muitipie ce-
limbic system have been proposed to subserve the affectifg2ral cortical regions are engaged in the processing of pain
motivational dimension of pain asey et al. 1994; Coghill et al. 1994; Craig et al. 1996;

; ; - ; byshire et al. 1997; Hsieh et al. 1996; ladarola et al. 1998;
This model, although importantly emphasizing the affecti er R iy ] '
dimension of pain, does not provide an adequate mechani ?Slztgag' 19%1’ RaanIII(i;]et al. 1997; Talbot e(; al. 1%91’ .\t/)OQtd
for the processing of pain intensity. Multiple, converging line§t &': ) and suggest that pain is processed in a distribute

of evidence indicate that brain regions outside of the traditio g\'sfhic_m (ngh'ill et aI..1994). However, the extent to Wh.iCh
pain intensity information is distributed across these multiple

The costs of publication of this article were defrayed in part by the payme%?rebral .Comcal_ areas has not yet been evaluate.d In a fu”y
of page charges. The article must therefore be hereby maskhaftisemerit  quantitative fashion. Second, to account for the split-brain and
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. ~hemispherectomy findings, both cerebral cortical hemispheres
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must be engaged (or be capable of being engaged) in tiveen tracer injections. Before actual PET scanning, a sham scan
processing of pain intensity information arising from a unilatsaline injection) was carried out to minimize anxiety associated with
eral noxious stimulus. However, sites responsible for ipsilatefdf PET scan procedure (Talbot et al. 1991). With positioning, a
cerebral cortical processing of pain intensity have yet to f@nsmlssmn scan, a sham scan, and nine PET scans, each PET session
identified. Third, to further account for the preservation psted—2 h.

. f pain intensity in the f f lesi Subjects received PET scans during rest and graded thermal stim-
conscious awareness of pain Intensity in the face ot 1esIofg;i,, (2 scans per temperature). Thermal stimuli were delivered to

ranging from focal damage to Sl to hemispherectomy, signike ypper right arm at levels approximating skin temperature (35°C),
icant portions of pain intensity processing must occur in pgain threshold (46°C), moderate pain (48°C), and substantial pain
allel. A highly serial organization would be readily disrupte@s0°C). Thermal stimuli were applied via a 1-cm-diam electrically
by lesions, whereas a parallel organization would result inhaated probe and were alternated among 6 skin areas (5-s stimulation,
conservation of intensity information over multiple cerebrd.5-s interval, 3 cmx< 2 cm grid) to avoid habituation or sensitization.
cortical areas and would be resilient to disruption by lesionStimulation was initiate 5 s before tracer injection and was continued
Anatomic evidence indicates that independent, parallel rouf8& 2.5 min. Accordingly, subjects received30 heat pulses during
exist for transmission of nociceptive information from thd"€ course of a single PET scan. In contrast to the scans of thermal
thalamus to brain regions such as SI, SlI, anterior cingul muli, the rest scans involved no application of the stimulator. All

. . 2 muli were presented in a randomized order. A minimum of 1 day
cortex, and insula (Burton and Jones 1976; Burton and Smc'ﬁgfore the PET scans, subjects participated in a training session in

1996; Craig et al. 1995; Friedman and Murray 1986; MufsQghich they received a standard series of heat pulses to give them
and Mesulam 1984; Vogt et al. 1987). However, the degreedgperience rating pain intensity. Subjects also received all stimuli
which pain intensity information is conserved during the transsed in the PET session to ensure that the range of temperatures would
mission from subcortical to cerebral cortical regions remaite well tolerated. At the end of each PET scan, psychophysical ratings
unknown. To address these issues, we combined positron erpfspain intensity and pain unpleasantness were obtained using a
sion tomography and psychophysical assessment oflpam numerical scale (integers from 0 to 20) anchored with verbal descrip-

determine whether pain intensity—related information is distrirs (Coghill and Gracely 1996). Within subjects ANOVA was used
uted across multiple brain are&,to quantitatively character- to identify significant effects of stimulus temperature on psychophys-
' jcal ratings, and contrast analyses were used to identify differences

1z€ the rela_tlonshlp betw_een praln activation and per.celvggtween adjacent temperature pairs (SAS software, SAS Institute).
pain intensity, and3) to identify cerebral cortical regions

engaged in the processing of pain intensity evoked by

n .
ipsilateral stimulus. image processing

For intersubject analysis, PET data were transformed into standard

METHODS stereotaxic coordinates using a linear transform derived by matching
individual, high resolution structural MRI scans (Fast gradient re-
Subjects called echo, 124x 1.5 mm thick sagittal images with an in-plane

] ) resolution of 0.98 mm, extended dynamic range, 25856 matrix, 1
Sixteen right-handed normal volunteers (7 women, 9 men) wef@yyus, TE= minimum, Flip Angle= 200) to an average MRI atlas

recruited to measure brain activation produced by graded painfignstructed from 305 normal subjects [MNI-Autoreg, provided by the
stimulation. Subjects (1 Pacific Islander, 4 Hispanics, 2 Blacks, \icConnell Brain Imaging Center of the Montreal Neurological Insti-
Whites) ranged in age from 21 to 46 yr (292.15, mean* SE) and tyte (Collins et al. 1994)]. These MRI scans were acquired in a 1-h
were healthy, pain-free, and had no detectable magnetic resonagégition session on a different day than the PET session. PET data
imaging (MRI) abnormalities. Negative pregnancy tests were obtaing@dre movement corrected and registered with MRI data using the
for all female subjects of child-bearing potential. All procedures werg,tomated Image Registration (AIR) software (Woods et al. 1992,
approved by the Institutional Review Board of the National Institutegg3). To facilitate intersubject analysis and to further minimize
of Dental Research and the Radiation Safety Committee of the Napiability produced by slight variations in brain structure, PET data
tional Institutes of Health. All volunteers gave written, informedyere smoothed with a Gaussian filter (full-width, half-maximum
consent acknowledgind) that they would receive radioactive tracersyesplution, 15< 15 x 10 mm in mediolateral, anterior-posterior, and

2) that they would experience experimental pain stim8)ithat all  superior-inferior dimensions, respectively). To minimize variability
methods and procedures were clearly explained Aticat they were produced by global cerebral blood flow changes, each PET scan was
free to withdraw from the experiment at any time. normalized to gray matter values by dividing each voxel value by the

average of gray matter CBF.

Functional imaging

. R _ Id?ntification of pain intensity—dependent brain activation
Brain activation was assessed by fully quantitative measurement o

cerebral blood flow (CBF) with KH°0 positron emission tomography ~Voxel-by-voxel multiple regression analyses were performed to
(PET, 33.3 mCi/scan), as described in Coghill et al. (1998b). In briaflentify brain regions whose variability was due to subjects’ ratings of
subjects were placed in the PET scanner (Scanditronix 2048—-15B3jn intensity. Multiple regression analyses were performed according
fitted with a thermoplastic mask to minimize head movement, and Rencher (1995) using NIH-Functional Imaging Data Analysis
positioned such that the most superior aspect of the cerebral cof®datform [NIH-FIDAP, developed by J. Ma. Maisog. Note that this
was within the field of view. Across all subjects, the field of viewpackage has been extensively utilized and validated in functional
extended ventrally te-30 mm below the anterior commissure—posimaging studies of visual processing (Courtney et al. 1998; Petit et al.
terior commissure (AC-PC) line caudally, and 17 mm below th£998)]. Variability unique to individual subjects (i.e., CBF patterns
AC-PC line rostrally. Transmission scans were performed for attetirat were constant across all scanning conditions within a given
uation correction during image reconstruction. For all PET scarrdividual, but that differed across different subjects) was first fac-
subjects were instructed simply to lie on the bed with their eyes closteded out to better characterize effects attributable to psychophysical
and to not move or say anything. Each PET scan was acquired inagéings of pain. Next, the relationship (regression coefficient) between
dynamic fashion over a 4.5-min period, with a 10-min interval baiormalized CBF changes and psychophysical ratings of pain intensity
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was calculated for each voxel. Wilk's Lambda statistic was used tion components. The T-statistics analysis has been described in detail

determine whether each regression coefficient was statistically differeviously (Chmielowska et al. 1998).

ent from zero. The Wilk's Lambda values were convertel i@lues

and then taz-scores. The statistical significance of voxels exceedinge 5y 15

az-score of 3.09 was then calculated according to the spatial extent of

activation (Friston et al. 1994). The volume-wise false positive rafésychophysical responses

was set akk5% (P < 0.05). To visualize changes in normalized CBF . . . , . .

across stimulus conditions (i.e., Fig. 2), differences between rest andVhile undergoing PET scans, subjects’ perceptions of pain

all stimulated conditions were calculated. Differences in normalizd@tensity increased significantly during graded increases in

CBF greater thant-2 and less than-2 in areas with a statistically stimulus temperature [single factor within-subjects ANOVA,

reliable relationship with pain intensity are displayed. F(4,60) = 108.75,P < 0.0001, Fig. 1]. These increases were
The rest scan was included in the pain intensity regression figbust within the noxious range (i.e., temperatuxe$6°C).

facilitate identification of effects that were independent of pain inteistatistically reliable differences were evident between all ad-

sity (seeldentification of pain intensity—independent brain activajion jacent intensities of noxious stimuli [ANOVA of orthogonal

One potential complication of this is that pain intensi‘[y—independe&)ntrast variables, 35 vs. 46°€(1,15) = 18.87,P < 0.00086,

effects could be falsely identified as pain intensity—related. In o~ _ o
. i ) ; vs. 48°C:F(1,15) = 33.49,P < 0.0001, 48 vs. 50°C:
conventional T-statistics analysis, the use of a nonstimulated r f 15)= 67.19,P < 0.0001].

control condition would represent a major concern, because all di
ferences between resting and pain scans would be detected, regardless
of their relationship with pain intensity. In contrast, the main strengfRain intensity—related responses
of the multiple regression analysis is that effects of several different . . . ) ) .
factors (i.e., regressors) can be identified as long as the regressors aMultiple regression analysis of the functional imaging
orthogonal (i.e., independent). Thus if zero ratings of pain intensifiata revealed that a number of cerebral cortical and subcor-
were obtained only within the rest scan, the pain intensity regreséttal areas exhibited significant, graded changes in activa-
would not have been independent of the state of stimulation (i.6ion linearly related to subjects’ perceptions of pain inten-
probe on/off the arm). However, more than 2/3 (33/49) of the zegity (Table 1, Fig. 2/eft pane). Changes in activity that
pain intensity ratings were obtained in stimulated (i.e., nonrestingdere positively related to perceived pain intensity occurred
scans. Accordingly, the brain activation identified in the pain intensify greas previously demonstrated to be responsive to painful
regression is Iargely_independent of activation that is associated V‘gtﬁmulation. Bilateral changes in activation were noted in
the contact of the stimulator on the arm. the cerebellum, putamen, thalamus, insula, anterior cingu-
. o o ) .. late cortex, and SlI. In contrast, contralateral activation was
Identification of pain intensity—independent brain activation getected in the dorsal supplementary motor cortex and S,

To directly characterize brain activation associated with the pre¥hereas predominantly ipsilateral activation was noted in
ence of the stimulator on subjects’ arms, effects attributable to péhe ventral premotor cortex. Changes in activity that were
ceived pain intensity were factored out, and another multiple regrég2gatively related to perceived pain intensity were also
sion analysis was performed to identify areas activated by aspectsioted. These occurred in occipital, temporal, and parietal
thermal stimulation that were independent of pain intensity. In othgreas generally associated with visual processes (Fig. 2).
words, this analysis was directed at identifying brain activation that The findings from the multiple regression analysis are inde-

was common to all temperatures of stimulation, but different from t ndently supported by comparisons of PET scans at each

nonstimulated resting condition. This was accomplished by construgt- ; ; fyn
ing a regressor in which all eight stimulated conditions were Weight(fr&mu'uS temperature with the resting state (Figight pane).

at +1 and the rest condition was weighted-a8. This regressor was most areas, innocuous (35°C) and threshold (46°C) stimu-

orthogonal to the pain intensity regressor and therefore provided {RUON produced minimal differences from rest. However, as
capability to obtain an estimate of activity that was independent fropiimulus temperature increased to 48 and 50°C, monotonic
that related to pain intensity. Statistical significance of this regressiiicreases in activation were evident in multiple brain areas
analysis was evaluated as above. To further characterize pain inten-
sity—independent effects, region of interest analyses were performed 20
across all PET scans at the coordinates of the local maxima identified i
in the regression. Within subjects ANOVA was used to identify
significant effects of stimulus condition on normalized CBF, and
contrast analyses were used to identify differences between 46°C and
all other stimulation conditions.

One additional variable, psychophysical ratings of pain unpleasant-
ness, was also considered for inclusion in the multiple regression
analysis. As in most studies of heat pain, these ratings were highly
correlated with pain intensity (= 0.96). Because these two variables
were not orthogonal, additional analyses with pain unpleasantness as
a regressor were not performed, and pain unpleasantness findings are
not discussed further.
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T-statistics analysis REST 35°  46° 48° 50°
A T-statistics analysis was performed on a subset of the data to STIMULUS TEMPERATURE (C)

compare the multiple regression results with a more conventional
technique. A contrast between 50°C and rest was selected to includgc. 1. Subjects’ perceptions of pain intensity increased significantly dur-
both pain intensity—dependent and pain intensity—independent activer-graded increases in stimulus temperature (mearge).
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TABLE 1. Brain activation positively related to perceived pain intensity

Region S X y z F B z-Score

Cerebellum

Anterior lobe i 3.9 —46.5 -16.2 39.44 0.37 5.85

Anterior lobe i 11.9 —-62.5 —24.2 19.34 0.28 4.23
Lentiform nuclei

Putamen c —28.1 9.5 -0.2 26.23 0.35 4.87

Globus pallidus/putamen i 23.9 -2.5 -0.2 29.09 0.39 5.11
Thalamus

vpl c -20.1 -18.5 -0.2 17.91 0.28 4.09

Dorsomedial nucleus m -0.1 —-18.5 -0.2 27.08 0.50 4.94

Centromedian nucleus i 9.9 -14.5 -0.2 35.78 0.49 5.60
Insula

Mid-insula c -38.1 15 —-4.2 33.58 0.40 5.45

Insula/gts c —44.1 —-10.5 -0.2 22.70 0.34 4.56

Anterior insula i 33.9 175 -0.2 17.56 0.32 4.05

Frontal operculum

Ventral premotor area [« —60.1 7.5 3.8 23.54 0.34 4.64

Ventral premotor area c —62.1 —-0.5 11.8 18.76 0.29 4.18

Ventral premotor area i 49.9 9.5 -0.2 49.17 0.55 6.43

Ventral premotor area i 55.9 1.5 7.8 43.29 0.44 6.09
Parietal operculum

Sl c —-38.1 -125 19.8 22.52 0.24 4.54

Sl c —50.1 —26.5 19.8 15.45 0.24 3.81

Sl i 49.9 -125 15.8 26.05 0.31 4.86
Medial wall

ACC BA 24/32 m -0.1 115 35.8 31.74 0.41 5.31

ACC BA 24 m -0.1 —-2.5 47.8 36.22 0.42 5.63

SMA BA 6 m -0.1 -05 51.8 36.11 0.40 5.63
Sensory-motor

Sl c —24.1 —-38.5 59.8 12.60 0.29 3.46

SMA BA 6 c —-18.1 —-14.5 59.8 26.61 0.31 491

Locations (x, mediolateral; y, rostrocaudal; z, dorsal-ventral) are according to the Talairach coordinate system. Only statisticallyaig|Rbtedi001) are
included. s, side; i, ipsilateral; ¢, contralateral; m, midlife;regression coefficient; vpl, ventroposteriolateral nucleus; gts, superior temporal gyrus; BA,
Brodmann’s Area; ACC, anterior cingulate cortex; SMA, supplementary motor area.

(Fig. 2,right pane). These normalized CBF differences furthe(0.73) by the range of the regressor (9, i-€§ to + 1) would
confirm that the regression coefficient accurately describes tiredict that normalized CBF should increas6.5 units above
guantitative relationship between brain activation and peesting levels any time the thermal stimulator contacts the
ceived pain intensity. For example, the regression coefficientafbjects’ arms, regardless of its temperature. The observed
the medial thalamus was 0.5, and the average psychophysmarage of the normalized CBF differences between all stim-
rating of 50°C was 15.6. Accordingly, the predicted activationlated conditions and rest (i.e., 35-rest, 46-rest, 48-rest, 50-
difference between scans of 50°C stimulation and rest woulet) was 6.14, closely approximating the predicted value.
approximate 0.5 * 15.6 or 7.8 (in units of normalized CBF). Region of interest analyses of the original, normalized PET
The observed activation difference was 7.07 (in units of notlata (i.e., no variability factored out) confirmed that both areas
malized CBF). exhibited a relatively constant degree of activation during all
In addition to the quantitative differences evoked duringtimulated conditions, despite progressive increases in stimulus
graded increases in painful stimulus intensity, clear qualitatit'emperatures. In the ventral prefrontal focus, however, brain
changes were noted in the patterns of activation as well. In batttivation tended to peak at 46°C, the temperature closest to
the secondary somatosensory cortex and the thalamus, actpain threshold (Fig. 3yottom panél Region of interest anal-
tion was predominantly contralateral during both 35 and 464@Gis confirmed the existence of a statistically significant effect
stimulation. However, as stimulus intensity increased, activaf scan condition at this locus [ANOVA;(4,60) = 4.60,P <

tion within these areas became progressively bilateral. 0.0026]. However, contrast analyses revealed that normalized
CBF during 46°C stimulation was significantly greater than
Pain intensity—independent responses that of only the rest conditiorF{1,15) = 15.31,P < 0.0014],

) o ) ) .. although trends toward greater activation were noted when
When brain activation attributable to perceived pain inteRpmpared with the 35°CF(1,15) = 3.09, P < 0.0990] and

sity was factored out, multiple regression analysis revealed thglc [F(1,15) = 3.74,P < 0.0722] conditions.
two brain regions were commonly activated during all thermal

stimuli, regardless of stimulus temperature. These two regi
were located in the right prefrontal cortex (Fig.t8p panel;
Table 2). As in the pain intensity regression above, this regres-A T-statistics analysis examining differences between scans
sion analysis accurately predicts the normalized CBF diffeof 50°C and rest identified statistically reliable activation of
ences between all stimulated conditions and rest. For examsleuctures demonstrating both pain intensity—dependent and
multiplication of the regression coefficient of the ventral focugain intensity—independent activations as identified in the mul-

%Riltiple regression versus T-statistics analysis
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INTENSITY
REGRESSION DIFFERENCE FROM REST

B~

-0.55 -0.20 0.20 0.55

FIG. 2. Multiple regression analysis reveals that activation within a diverse array of brain areas is significantly related to
subjects’ perceptions of pain intensitleft panel,regression coefficients3] are color coded such that red-yellow voxels are
positively related with pain intensity, whereas blue-violet voxels are inversely related to pain inténsit,001). Progressive
increases in activation are evident within these areas as stimulus temperature incightsesrel, cerebral blood flow (CBF)
difference between each temperature and rest]. Functional data are displayed on the averaged structural magnetic resonance
imaging (MRI) data of all subjects. The left side of the image corresponds to the subjects’ left. ACC, anterior cingulate cortex; Thal,
thalamus; Cb, cerebellum; Ins, insula; PMv, ventral premotor cortex; Sll, secondary somatosensory cortex; Sl, primary somato-
sensory cortex; SMA, supplementary motor area




PAIN INTENSITY PROCESSING WITHIN THE HUMAN BRAIN 1939

tiple regression analysis. There was a striking degree of simisLe 2. Brain activation independent of perceived pain intensity
larity between the two different analytic techniques for both the

pain intensity—dependent (Fig. 4-D) and pain intensity— Region X y z F B zscore
independent (Fig. B) findings, with the multiple regression ga 10 359 515 —8.2 17.80 0.73 4.07
technique demonstrating somewhat greater sensitivity. Never 9 27.9 39.5 23.8 17.15 0.52 4.00

theless, the T-statistics analysis identified activation in areas .
with pain intensity—dependent responses including the follow-S€€ Table 1 for abbreviations,
ing: bilateral portions of the putamen, thalamus, and SlI; mig-
line portions of the anterior cingulate cortex and supplementa
motor cortex; contralateral portions of the insula, dorsal SMA,
SI; and the right frontal operculum. Only two regions, the
cerebellum and the left frontal operculum, were detected by th
regression analysis, but not the T-statistics analysis (Fié. 4, The significant relationship between perceived pain intensity
andB). and the activation of a diverse array of brain regions provides

The T-statistics analysis also detected activation within thenew level of insight into the organization of brain mecha-
right prefrontal cortex, an area shown to have pain intensityisms of pain processing. Pain intensity processing is distrib-
independent effects in the multiple regression analysis (Figed across multiple cerebral cortical and subcortical regions
4E). This finding underscores the utility of the multiple regresand is not confined to areas classically thought to be engaged
sion approach in that the pain intensity—dependent regressignsensory-discriminative processing. This information pro-
analysis did not falsely identify this activation as being paigessing occurs in regions both contralateral and ipsilateral to
intensity related. In contrast, the use of a nonstimulated regimulation in a fashion that is quantitatively related to sub-
condition in the T-statistics analysis provides no information §éct’'s perceptions of pain intensity. Therefore each cerebral
hemisphere is independently capable of supporting conscious
awareness of this specific feature of a painful stimulus. More-
over, the finding of pain intensity—related responses in regions
important in motor control, affect, and attention suggests that
intensity-related processing can be utilized in functions other
than those involved in the conscious awareness of sensory
features of a painful stimulus.

whether this area was activated by the contact of the probe
by the pain elicited by 50°C stimulation.

éSCUSSION

Distributed mechanism for the processing of pain intensity

The present findings confirm in a fully quantitative manner
that pain intensity is processed in a highly distributed fashion.
This distributed mechanism encompasses a number of func-
tionally distinct regions that all exhibit activation that is closely
related to perceived stimulus intensity. These include brain
areas typically thought to be important If) somatosensory
processing: Sl, SllI, and the posterior insular cor@xmotor
processing: cerebellum, putamen/globus pallidus, supplemen-
tary motor cortex, ventral premotor cortex, and the anterior
cingulate cortex3) affective processing: anterior cingulate
cortex and insular cortex4) attentional processing: anterior
cingulate cortex, primary somatosensory cortex, and the ven-
tral premotor cortex; an8) autonomic function: anterior cin-
gulate cortex and anterior insular cortex (Casey et al. 1994,
Coghill et al. 1994, Craig et al. 1996; Derbyshire et al. 1997,
Hsieh et al. 1996; Hutchison et al. 1999; ladarola et al. 1998;
Jones et al. 1991; Rainville et al. 1997; Talbot et al. 1991; Vogt
et al. 1996).

Multiple, converging lines of evidence indicate that this
distributed processing of pain intensity information rests on
a parallel infrastructure of nociceptive transmission. First,
REST 35 46 48 50 anatomic evidence indicates that information about noxious

stimulus intensity may be transmitted independently from
STIMULUS TEMPERATURE (C) thalamic sites to cerebral cortical areas such as Sl, Sll, the
insular cortex, the anterior cingulate cortex, the supplemen-
FiG. 3. Two regions of the right prefrontal cortex were differentially actitary motor cortex, and the ventral premotor cortex (Burton

vated during thermal stimulation (as compared with rest) in a manner . ; ; . : .
linearly related to perceived pain intensitgif panel, P< 0.03). In the ventral nghd Jones 1976; Burton and Sinclair 1996; Craig et al. 1995;

focus, region of interest analysis indicates activation peaked during stimulati{m and Strick 1998; Friedman and Murray 1986; Mufspn
approximating pain threshold (46°Gpttom panelmeans+ SE). and Mesulam 1984; Vogt et al. 1987). Second, neurological
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D T-statistics
El Overlap

FiG. 4. Results from the multiple regression analysis overlap extensively with findings from a T-statistics comparison of 50°C
and rest. Regression resultsArD are pain intensity dependent, whereas thosg @re pain intensity independent. ArrowsBn
andC denote T-statistics results in areas that were not pain intensity related and did not overlap with the pain intensity—dependent
regression results.

evidence confirms that these multiple thalamocortical patimtensity processing in that intensity information is con-

ways are functionally relevant. Discrete injuries of either Sgerved across a functionally diverse set of brain regions,
SllI, anterior cingulate cortex, or the insula fail to abolislsuch as the thalamus, SlI, SlI, anterior cingulate cortex,
conscious awareness of pain intensity, although other a&sypplementary motor cortex, insula, and the ventral premo-
pects of processing may be disrupted somewhat. Thus set@l cortex. Electrophysiological evidence further confirms

transmission of nociceptive information through any one afiat responses to stimulus intensity are highly conserved
these cerebral cortical areas is not obligatory for a consciotiisoughout the neuraxis. Neurons in the spinal cord, various
awareness of the intensity of a painful stimulus (Berthier ¢talamic nuclei, primary somatosensory cortex, secondary
al. 1988; Davis et al. 1994; Greenspan and Winfield 1998pmatosensory cortex, and anterior cingulate cortex all ex-
Knecht et al. 1996; White and Sweet 1968). Finally, thikibit monotonic increases to increasing noxious stimulus
consistent monotonic increases in activation observed in tiensities (Dong et al. 1994; Kenshalo et al. 1988; Robin-
present study further suggests a parallel component of paion and Burton 1980; Sikes and Vogt 1992; Willis 1985).
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Therefore cerebral cortical regions including SlI, SllI, ante-
rior cingulate cortex, insula, and the premotor cortices,
together with their subcortical connections, likely constitute
a highly parallel, distributed mechanism that is utilized for FEATURE
pain intensity processing. - EXSGRACTION
Although pain intensity processing has been classically
thought to be confined to brain areas contralateral to stimula-
tion, the present findings indicate that intensity information

from a unilateral painful stimulus is processed in both cerebral INTENSITY
cortical hemispheres (Fig. 2, Table 1). Bilateral pain intensity— INFORMATION
dependent activations were identified in SlI, the insular cortex,

and the anterior cingulate cortex. Ipsilateral activation of these
bilaterally responsive areas may support the ipsilateral cerebral
cortical processing of pain that has been demonstrated in both
hemispherectomized patients and in a split-brain subject
(Bernier et al. 1997; Gardner 1933; Knecht et al. 1996; Mar-
shall and Walker 1950; Stein et al. 1989; Walker 1943). Data
from the present study confirm that bilateral processing of pain
intensity occurs in normal subjects who have not experienced
brain trauma. Furthermore, these bilateral areas may also bgs.5. Pain intensity information (square) is both a critical precursor and
closely involved with the bilateral spread of pathological paian integral component of other individual processes (circles) of the pain
resulting from a unilateral injury (Livingston 1943; Mitchel|€xperience. Note that all of these aspects of pain are subject to significant
. . modulation by top-down factors.

1897; Mitchell et al. 1864; Veldman and Goris 1996).

Thermal stimulation also produced predominantly ipsilatergdan the present investigatioz & 3.09 + spatial extent
activation of the right ventral premotor cortex of the fro“taénalysis).
operculum (BA 44/BA 6). Of all brain regions examined, the
ventral premotor cortex exhibited the most pronounced in-
creases in activation as intensity ratings increased (TablePhin intensity—independent responses
Fig. 2). Most neurons within this area have both tactile and
visual receptive fields. The visual receptive fields, however, areln addition to the distributed responses related to pain in-
organized in a manner related to the body surface and &e@sity, a second pattern of activity largely independent from
spatially contiguous with the tactile receptive fields. As suchain intensity was also evident during painful and innocuous
the ventral premotor cortex has been postulated to play #ermal stimulation. Two regions of the right (ipsilateral) pre-
important role in spatial attentional processing and in encodifrgntal cortex thought to participate in spatial attention and
the locations of objects in peripersonal space (Fogassi etrmkemory were activated any time the stimulator was in contact
1996; Graziano et al. 1994). Activation of such a spatialith the subject (Table 2, Fig. 3) (Buckner et al. 1996; Fuster
attention system in proportion to pain is not surprising givet997). In the present study, subjects had been exposed to the
that increasingly painful stimuli become increasingly effectivehermal stimuli before the PET session and were required to
at attracting attention. formulate a psychophysical rating of pain intensity at the end

One previous investigation has examined brain activatiafi each scan. As such, subjects were faced with an episodic
evoked during graded pain by using laser stimulation designegmory task, evaluating a stimulus in the context of previously
to manipulate pain sensation into three categories (Derbyshésgerienced stimuli. The observation that the ventral prefrontal
et al. 1997). Their findings differ substantially from those diocus demonstrated a tendency to peak at 46°C, a temperature
the present study in that they did not detect pain categompproximating pain threshold, further supports this possibility
related activation in the hand/arm area of Sl, ipsilateral @Fig. 3). Evaluation of stimuli near threshold is generally more
contralateral areas of Sll, the mid-cingulate cortex, the medgifficult than evaluation of frankly supra- or subthreshold stim-
supplementary motor area (SMA), or the cerebellum. Datdi and would be anticipated to place greater demands on brain
from that study were acquired on two substantially differemtetworks involved in episodic memory, attention, and the
types of PET instruments using varied amounts of laser eneigggnitive evaluation of somatosensory stimuli. Such a role is
to manipulate subjects’ pain perceptions to a given level. Bofilrther suggested by the observation that subjects with prefron-
factors may have introduced a significant amount of variabilitial lobotomies or leukectomies have severe disruption of their
minimizing their ability to detect pain category-related activeaabilities to cognitively assess the meaning and implications of
tion. In another difference from the present findings, Derbghronic pain. However, these subjects have normal or even
shire et al. detected pain category-related activation in prefrdawered pain thresholds and retain their ability to experience
tal areas in which we have demonstrated to be clearly nwith sensory and early affective components of pain (Barber
related to perceived pain intensity [both presently and in 1859; Freeman and Watts 1948; Hardy et al. 1952; King et al.
subsequent investigation (Coghill et al. 1998a)]. These diffet950). Thus the more caudally localized regions demonstrating
ences between our findings and those of Derbyshire et al. nin intensity—related responses are sufficient to subserve basic
result from significant differences in stimulation paradigmslements of conscious awareness of pain intensity without
and/or their use of less stringent statistical criteda=(2.33) involvement of the prefrontal cortex.
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Pain intensity information as an integral component of othefasey, K. L., MiNosHIMA, S., BERGER K. L., KoePPE R. A., Morrow, T. J.,
aspects of pain AND FrEY, K. A. Positron emission tomographic analysis of cerebral struc-
tures activated specifically by repetitive noxious heat stimiilliNeuro-
The widespread distribution of pain intensity—related activa-physiol. 71: 802-807, 1994.
tion observed in the present investigation indicates that mafyMELOWSKA, J., WGHILL, R. C., GRsON, R. E., BHil, K., CHEN, R., HAL-
functionally distinct brain regions are capable of processingLETT, M., AND HERscoviTcH P. Comparison of PET [150]water studies with
ain intensitv—related information and can utilize this informa- 6-min and 10-min interscan intervals: single subject and group analyses.
p Yy . . . ... J. Cereb. Blood Flow Metahl8: 433—444, 1998.
tion for _processes distinct from _those assouated with COgnmE@GHlLL, R. C., GLRON, |., GUTIERREZ C.,AND |ADAROLA, M. J. Hemispheric
evaluation of features of a painful stimulus. Based on theseateralization of somatosensory processirgpc. Neurosci. Abstr28:
results, we propose that intensity processing is both a critica#45.16, 1998a.
precursor and an integral component of the many proces§esHiLL, R. C.AND GRACELY, R. H. Validation of the combined numerical/
comprising the pain experience (Fig. 5). Such processes inverbal descriptor scale for paidm. Pain Soc. Abstil5: A86, 1996.
clude cognitive evaluation of features of a painful stimulugOGH'LL’GRl' t?'i S\NG'bC'I'\é'I' BZR?;'AN’ 5' F. BENNZTT'_G' J"’_‘r"“CD 'A%AROILA'd
feature extraction), affect, attention, and motor control ThisM' J. Global cerebral blood flow decreases during pdinCereb. Bloo
( e e A ' f, afl i - MISEIow Metab.18: 141-147, 1998b.
organization provides a neurophysiological basis for the higdcrie, R. C., Taeor, J. D., Mever, E., Gieoog, A, Evans, A. C.,
degree of covariance between discrete aspects of the pamBusHneLL, M. C., anp Duncan, G. H. Distributed processing of pain and
experience (i.e., feature extraction, affective, attentional, motowibration in the human brainl. Neurosci.14: 4095-4108, 1994.
components) and perceived pain intensity. CoLLiNs, D. L., NEELIN, P., FETERS T. M., AND Evans, A. C. Automatic 3-D
In conclusion. the demonstration that one aspect of sensor' tersubject registration of MR volumetric data in standardized Talairach
. S . . . . paceJ. Comput. Assist. Tomogt8: 192-205, 1994.
p_rocessmg (pam mtepsny) IS _SQ hlghly_ dIStr_lbl_‘lted across C%URTNEY, S. M., EeTiT, L., MAISOG, J. M., INGERLEIDER L. G., AND HAXBY,
diverse array of functionally d|5t|r_‘Ct regions is in sha_rp CON- 3. v. An area specialized for spatial working memory in human frontal
trast to other sensory systems (i.e., visual system) in whichortex. Science279: 1347-1351, 1998.
afferent information undergoes marked changes as it is tra@sai, A. D., Krout, K., AND ZHanG, E.-T. Cortical projections of VMpo, a
mitted from one cerebral cortical area to the next. However specific pain and temperature relay in the primate thalaf@as. Neurosci.
pain is one sensory experience essential for survival. Indivigﬁifrﬁ\z}j 4%?5'|3'/$9%5'M E/aNs. A AND BUSHNELL. M. C. Functional
uals born without the ability to perceive pain frequently di€ i qing of an illusion of painNature 384: 258—260, 1996.
from injuries and infections they have never felt (Baxter andhvis, K. D., HuTcHison, W. D., Lozano, A. M., AND DosTRovsky, J. O.
Olsezewski 1960). The distributed processing of pain intensityAltered pain and temperature perception following cingulotomy and capsu-
within the human brain ensures that this critical ability to detectlotomy in a patient with schizoaffective disordétain 59: 189199, 1994.
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1997.
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